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Abstract

Numerous proteases, such as matrix metalloproteinases (MMPs), cathepsins (CTS), and urokinase plasminogen activator (UpA), are dysfunctional
(that is, over- or under-expressed) in solid tumors, when compared to healthy human subjects. This offers the opportunity to detect early tumors by
liquid biopsies. This approach is of particular advantage for the early detection of pancreatic cancer, which is a “silent killer”. We have developed
fluorescence nanobiosensors for ultrasensitive (sub-femtomolar) arginase and protease detection, consisting of water-dispersible Fe/Fe3O4 core/shell
nanoparticles and two tethered fluorescent dyes: TCPP (Tetrakis(4-carboxyphenyl)porphyrin) and cyanine 5.5. Upon posttranslational modification or
enzymatic cleavage, the fluorescence of TCPP increases, which enables the detection of proteases at sub-femtomolar activities utilizing conventional
plate readers. We have identified an enzymatic signature for the detection of pancreatic adenocarcinomas in serum, consisting of arginase, matrix
metalloproteinase-1, -3, and - 9, cathepsin-B and -E, urokinase plasminogen activator, and neutrophil elastase, which is a potential game-changer.
© 2018 Elsevier Inc. All rights reserved.
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Pancreatic cancer is the third leading cause of cancer-related
deaths in the United States, with a 5-year survival rate of less than
6%. In 2017, the U.S. alone there were an estimated 55,440 new
cases of pancreatic cancer and 44,330 deaths.1 Detection is usually
accomplished in an advanced-stage, leading to a very poor
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90% of all cases) is characterized by desmoplasia.4 The
accumulation of extracellular matrix (ECM) components alters
the architecture of pancreatic tissue causing abnormal configura-
tions of blood and lymphatic vessels leading to poor perfusion.4

This effect is ultimately responsible for the inefficacy of classic
chemotherapy against DAC.4 Based on data from the National
Cancer Data Base (1992–2004, statistics last revised on 09/15/
2016), the 5-year observed survival for exocrine pancreatic cancer
(predominantly DAC) is 14% when the cancer was discovered at
stage IA, 12%at IB, 7%at IIA, 5%at IIB, 3%at III, and 1%at stage
IV.5 All stages used here were defined in accordance with the
American Joint Committee on Cancer (AJCC) TNM staging
system.6 Based on these facts, the development of a feasible early
detection tool for pancreatic cancer would have a significant
impact on saving lives.2
Liquid biopsies

Detecting cancer and other diseases by means of a simple
blood test has become a realistic possibility. Virtually all
competing companies, among them Personal Genome
Diagnostics,7 Genomic Health,8 Myriad Genetics,9 Guardant
Health9 and Pathway Genomics9 rely on PCR to detect genetic
mutations, and various RNAs that are overexpressed in tumors.
Earlier clinical blood tests for pancreatic cancer have focused on
CA19-9 (carbohydrate antigen 19-9),10 CEA (carcinoembryonic
antigen)11 and recently K-ras gene mutations12 to date.
CancerSEEK,13 the most developed pancreatic cancer test to
date, evaluates plasma-levels of 8 cancer indicating proteins and
the presence of mutations in 2001 genomic positions for
detecting 8 solid tumor types, among them pancreatic cancer
with an overall percentage of cancer detection of 75 percent. The
majority of pancreatic cancer patients were diagnosed at AJCC
stage II. Due to the unfavorable survival statistics, pancreatic
cancer has to be diagnosed as early as possible.

The approach discussed here focuses on detecting the
protease/arginase14–16 signature of solid tumors. Including
blood tests for the estimated 14.5 million cancer survivors in
the United States, the market potential for liquid biopsies is
currently estimated to more than $20 billion a year. The average
genomic test is currently N $5000, which will prove prohibitively
expensive for many patients. Compared to the state-of-the-art in
liquid biopsies, protease profiling using the proposed approach
will result in significantly reduced costs: $100 to $200 per
protease/arginase profile for the end-user appears to be realistic.
It should also be noted that there is a high potential for synergy
between genomic and proteomic tests: genetic tests often show
the potential for disease development, but not exactly when the
transition to a tumor actually occurs. Protease/arginase assays
can accurately detect that transition.

Proteases and arginase as cancer biomarkers

Matrix metalloproteinases (MMPs), serine proteases and
cysteine proteases, as well as arginase, have well-documented
roles in malignant progression and immune (dis)regulation in
cancer.17–19 It is of importance that tumor-promoting proteases act
as a part of an extensive multidirectional network of proteolytic
interactions. There are 570 known human proteases, coupled with
a smaller group of endogenous protease inhibitors that tightly
regulate their activity.20 In general, cathepsin B, urokinase
plasminogen activator (UpA), metalloproteinases (MMP) occupy
central nodes for amplifying proteolytic signals passing through
the network.17 Recent research has shown that this proteolytic
signaling network interacts with other important signaling
networks, such as chemokines, cytokines, and kinases.17 Under-
standing this extensive network of proteolytic interactions as a
system of activating and inhibiting reactions may prove to be an
important key to unlock tumor biology.

Gene expression analysis

Gene expression analysis21 is a straightforward approach to
determine the proteases that are overexpressed in solid tumors,
such as pancreatic cancer. A wealth of data is available from
databases, such as NCBI GEO, Entrez Gene ID, Unigene ID and
Gene Symbol.21 This strategy is able to select enzyme candidates
that have a high probability of being proximal biomarkers for
pancreatic cancer from the human genome.20 This makes the
selection process far less arbitrary than it would have to be, based
on cancer literature alone.

The relevant datasets for this study were obtained from the
publicly accessible NCBI GEO database.22 Criteria for datasets
included in the analysis were that the investigated species is
Homo sapiens and that the dataset contains samples from both
primary tumor samples and healthy human tissue.
Methods

Statistical analysis

The fold change of gene expression is taken as an indicator of
the up- or downregulation of the genes of interest. The R
software environment for statistical computing was used to
extract the relevant raw data, calculate P values23 and generate
boxplots to illustrate data-ranges.24,25 A P value (calculated
probability) is defined as the probability of finding the observed
results if the null hypothesis (H0) of a study question is true.

26 In
common terms, the null hypothesis assumes no difference
between a property in the group of study subjects vs. a control
group. 26 The term “Fold Change” (FC) is defined as the “ratio of
the difference between final value B and the initial value A over
the initial value. FC = (B − A)/A. logFC is the decadic
logarithm of FC.27

Nanobiosensor synthesis

The synthesis of the nanobiosensors has been performed
according to established and published procedures.14–16 In short,
water-dispersible Fe/Fe3O4 nanoparticles featuring dopamine
ligands,28 TCPP,14 and cyanine 5.514 were synthesized
according to established procedures. Details are provided in
the SI section.

For all MMPs and cathepsins employed here, sub-femtomolar
limits of detection (LOD) have been realized.14,15 After
optimization, ten repetitions of the calibration procedure



Table 1
Consensus sequences used in nanobiosensors employed.29

Nanobiosensor Oligopeptide Tether

Arginase GAGRRRRRRRAG
Cathepsin B (CTS B) GAGSLLKSR-MVPNFNAG
Cathepsin E (CTS E) GAGEVAL-VALKAG
MMP 1 GAGVPMS-MRGGAG
MMP 3 GAGRPFS-MIMGAG
MMP 9 GAGVPLS-LYSGAG
UpA GAGSGR-SAG
Neutrophil Elastase GAGGEPV-SGLPAG
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established a relative error under 2%, which is sufficient for
clinical applications.14,15

Serum samples for liquid biopsy

All biospecimens were obtained from the Biospecimen
Repository Facility of the University of Kansas Cancer
Center.30 Group sizes: apparently healthy volunteers: n = 48,
patientswith pancreatitis: n = 4, pancreatic ductal adenocarcinoma
(DAC): n = 9, metastatic adenocarcinoma (MAC): n = 9, pancre-
atic neuroendocrine tumors (NET): n = 5, metastatic NET
(MNET): n = 2, all pancreatic cancers (ALL): n = 35. The groups
of cancer patients and healthy volunteers were age- and gender-
matched.

Fluorescent plate reader measurements: calibration and
validation

A BioTek Synergy 2 plate reader (tungsten halogen lamp,
excitation bandpass filter: 421 ± 10 nm, analysis bandpass filter:
650 ± 25 nm) with 96-well plates was used. Solution (1)
consisted of HEPES buffer (25 μmol) (2-[4-(2-hydroxyethyl)
piperazin-1-yl]ethanesulfonic acid) and was prepared enriched
with Ca(II), Mg(II), and Zn(II) (10 μmol each) at 298 K (pH =
7.2) to ensure full enzymatic activities. Solution (2) containing
the Fe/Fe3O4 based nanobiosensor was prepared by dissolving
0.30 mg of the selected nanobiosensor in 1.0 mL of HEPES
buffer by sonication for 10 min at 298 K. The following samples
were prepared and plated by adding solution (1) or solution (2) to
5 μL of serum sample; A: Sample Control (125 μL of solution
(1) + 5 μL serum sample); B: Assay (125 μL of solution (2) +
5 μL of calibration solution containing known concentrations of
purchased enzymes; C: Assay Control (125 μL of solution (2) +
5 μL of solution (1)); and D: Blank (130 μL of solution (1)).
Each sample (total 130 μL) was loaded into one well a 96-well
plate with at least three replicates of each assay per serum
sample. Solutions were incubated at 310 K for 60 min, followed
by detection of nanoplatform fluorescence at 298 K utilizing a
96-well fluorescence plate reader. Matrix effects have been
previously evaluated by using heat-inactivated combined sera
from the control group of healthy volunteers.15 Heat inactivation
of serum was performed according to established procedures.31

The results of the calibration procedures are summarized in the
SI section. However, the main focus of this study was on
developing a quick fluorescence plate-reader method for
pancreatic cancer detection, which will work reliably in a
clinical setting. Therefore, the actual fluorescence signals
measured by the plate reader were used to calculate the results
discussed below.
Results

Diagnostic strategy in liquid biopsies

Our diagnostic strategy is based on the paradigms that a)
protease networks in pancreatic cancer are dysfunctional, and b)
unique protease/arginase signatures exist for many types of solid
tumors. Therefore, Gene Expression Analysis was used as a
selection tool to determine the most likely candidates. In Table 2,
the IDs, P values23 and logFC (down- or up-regulation of genes)
for the group of target proteases in pancreatic cancer tissue
samples are summarized.24,25 It is of importance that these data
were obtained by comparing the protease expression levels in
primary pancreatic tumors using apparently healthy tissue
samples from the same patients as controls. Since cancer is a
systemic disease, however, it cannot be expected that all of
these correlations can be verified by measuring the activity of
proteases in a group of pancreatic cancer patients with a group
of age- and gender-matched healthy volunteers. Much more
likely, also noncancerous tissue will be affected by a tumor
somewhere in the patient's body, because this tumor is
connected to the blood supply starting from stage I.17,32,33

(See Table 1.)

Synthesis and validation of ultrasensitive nanobiosensors for
protease and arginase

A detailed account of the development of Fe/Fe3O4-
nanoparticle based diagnostic nanobiosensors is given in
references.14–16,34 Fe/Fe3O4 nanoparticles were synthesized by
thermal decomposition of Fe(CO)5.

14,35,36 The nanoparticles had
a well-defined core/shell structure, with an average Fe(0) core
diameter of 13 +/− 0.5 nm and Fe3O4 shell thickness of 2.0 ±
0.5 nm, respectively.14 Dopamine formed a robust organic
coating on the particle with a binding constant on the order of
1015 L mol−1.28 It also increased the water-solubility of the
resulting nanoplatforms to N5 g L−1.28 Porphyrins were used as
cleavable fluorescent dyes, because their photophysical prop-
erties are well characterized.37 Cyanine 5.5 has been co-
attached as a FRET quencher due to its large molar extinction
coefficient.38 Figure 1 shows the structure of the nanoplatform
comprised of dopamine-coated Fe/Fe3O4, consensus sequence,
TCPP, and Cy 5.5. In Table 2, the consensus sequences that
were employed for detecting the selected proteases,27 as well as
the peptide tether for measuring arginase,16 are summarized.
Cyanine 5.5 is permanently linked to dopamine without using an
enzyme-cleavable tether. The optimal average density of
cyanine 5.5, which is directly bound to the dopamine units,
and TCPP, which is tethered via oligopeptide, was determined to
be 50+/−4 (Cy 5.5) and 35+/−3 (TCPP) per nanoparticle
following a random-deposition based modeling approach39

assuming a core/shell structurewith an average Fe(0) core diameter
of 13 +/− 0.5 nm and an Fe3O4 shell thickness of 2.0 ± 0.5 nm.
The nanoplatforms were activated via enzymatic cleavage or



Figure 1. Chemical structure of the nanobiosensors for protease and arginase detection. The core of the nanobiosensor consists of dopamine-coated a Fe/Fe3O4

core to which 50+/−4 cyanine 5.5 and 35+/−3 TCPP molecules are bound, following a random-deposition based modeling approach.39 The consensus sequences
experience either proteolytic cleavage by their respective proteases, or the chemical constitution of the posttranslational modification sequence is changed. For
instance, arginases I + II convert arginine to ornithine without proteolytic cleavage of the oligopeptide.16 Inset: The fluorescence occurring from the
nanobiosensors increases with incubation time.14,15 This enables fluorometric detection of protease/arginase activities.

Table 2
NCBI GEO IDs, P values23 and logFC (down- or up-regulation of genes) for the group of target proteases in pancreatic cancer tissue samples.24,25

ID P value logFC Gene
symbol

Gene title

Arginase 2
7975268 4.20E-02 0.17303 ARG2 arginase 2
Cathepsin B
8149330 3.18E-07 0.848623 CTSB cathepsin B
Cathepsin D
7945666 5.64E-07 0.534505 CTSD cathepsin D
Cathepsin E
7909164 6.00E-15 2.684101 CTSE cathepsin E
UpA
7928429 2.54E-10 1.374367 PLAU plasminogen activator, urokinase
MMP1
7951271 1.96E-04 1.225159 MMP1 matrix metallopeptidase 1
MMP3
7951284 1.93E-05 0.66726 MMP3 matrix metallopeptidase 3
MMP9
8063115 5.12E-09 1.116676 MMP9 matrix metallopeptidase 9
Neutrophil Elastase
8024056 8.87E-02 −0.09965 ELANE elastase, neutrophil expressed
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posttranslational modification of the tether between central
nanoparticle and dye, which led to increased TCPP-fluorescence
(light switch effect, Figure 1).14 Calibration and validation of the
Fe/Fe3O4-based nanobiosensors were reported in reference.15

(See Figs. 2–5.)
Protease signature of all pancreatic cancers

Gene expression analysis revealed upregulation of arginase,
urokinase plasminogen activator (UpA), matrix metalloprotein-
ase (MMP)-1, -3, and -9, cathepsin (CTS)-B, -D, and -E, as well



Figure 2. Bar graph (showing means and standard deviations for arginase and UpA, MMP-1, -3, and -9, CTS-B, -E, and NE); Group sizes: apparently healthy
volunteers: n = 48, pancreatic cancers: n = 35; all samples were obtained from the Biospecimen Repository Facility of the University of Kansas Cancer
Center.30

Figure 3. Box plots (indicating the observed data range) for arginase and UpA, MMP-1, −3, −9, CTS-B, −E, and NE; Group sizes: apparently healthy volunteers:
n = 48, pancreatic cancers: n = 35; all samples were obtained from the Biospecimen Repository Facility of the University of Kansas Cancer Center.30
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as the downregulation of neutrophil elastase (NE) expression in
tumor tissue. The underlying paradigm of this study is that
arginase and proteases that are overexpressed in tumor/stromal
tissue can be detected in serum. For arginase, MMP-1, and
MMP-3, significantly higher enzyme activities (P b 0.0523)
were detected for the group of pancreatic cancer patients,
compared to the age- and gender-matched control group. The
enzymatic activity of MMP-9 was upregulated as well in the
pancreatic cancer group, albeit not significantly (P = 0.06696).
NE was also found to have higher activity (P = 0.07838), which
was in disagreement with the predictions from gene expression
analysis. For both, MMP-9 and NE, the calculation of the P
values was affected by the relatively small numbers in pancreatic
cancer and control groups.23 The activity of cathepsin-D in
serum in both groups was essentially the same (P = 0.27854).
The activities of UpA, and CTS-B and CTS-E were significantly
lower in the serum of cancer patients vs. the control group. A
possible reason why the prediction of gene expression analysis and
the measurements of protease activity in serum differ is that all
proteases investigated here are biosynthesized as zymogens,33
which then require proteolytic activation. This essential step may
or may not be effective in tumor tissue (Figures 2 and 3).

Protease signature of pancreatic ductal adenocarcinomas (DACs)

Ductal adenocarcinomas have the highest incidence of all
pancreatic cancers.1 Considering the currently available options
for pancreatic cancer treatment, detection of DAChas to be achieved
at the earliest stage in order to be of significant help to the cancer
patients. For this purpose, we have compared the enzymatic
activities in the serum samples of the sub-group of 9 patients with
DAC with a control group of 9 age- and gender-matched healthy
volunteers. For DAC, the activities of arginase, UpA,MMP-1, -3, -9
and NE were upregulated, albeit only UpA and MMP-3 were
statistically significant, owing to the small group sizes (n = 9).23

Arginase was borderline significant (P = 0.071938). CTS-B and
CTS-E showed downregulated activities for the DAC group, albeit
not significant. The important finding from this study is that, even at
small group sizes, UpA and MMP-3 were able to identify patients
with ductal adenocarcinoma in a simple blood test (Figures 4 and 5)!



Figure 4. Bar graph (showing means and standard deviations for arginase and UPA, MMP-1, -3, -9, CTS-B, -E, and NE); Group sizes: apparently healthy
volunteers: n = 9, pancreatic ductal adenocarcinoma (DAC): n = 9; all samples were obtained from the Biospecimen Repository Facility of the University of
Kansas Cancer Center.30

Figure 5. Bar graph (showing means and standard deviations) for arginase and UPA, MMP-1, -3, -9, CTS-B, -E, and NE; Group sizes: apparently healthy
volunteers: n = 9, pancreatic ductal adenocarcinoma (DAC): n = 9; all samples were obtained from the Biospecimen Repository Facility of the University of
Kansas Cancer Center.30
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Do pancreatic cancer and pancreatitis have different protease
signatures?

An important question with respect to establishing a routine
test for (early) pancreatic cancer is, whether pancreatitis and
pancreatic cancer can be distinguished by means of a simple
blood test. The comparison of the protease signatures of
pancreatitis (n = 4) and an age- and gender-matched group of
pancreatic cancer patients (n = 9) is shown in Figure 6.
According to our preliminary findings, the activities of CTS-B
(down), MMP-9 (up), NE (down), and UpA (up) are signifi-
cantly different for patients with pancreatitis, when compared to
pancreatic cancer. Therefore, both conditions can be distin-
guished by means of a liquid biopsy. This finding shows that
screening for pancreatic cancer in serum by means of measuring
the activity of signature proteases is a feasible strategy.
Does pancreatitis interfere with pancreatic cancer detection?

With respect to the diagnosis of pancreatic cancer by means
of a liquid biopsy, it is of importance that the protease expression
patterns of patients with pancreatitis and apparently healthy
patients are different, as indicated by our preliminary experi-
ments that are summarized in Figure 7. The activity of arginase,
MMP-1, MMP-3, and MMP-9 was significantly (P b 0.05)23

higher in patients diagnosed with pancreatitis than in the age- and
gender-matched control group. CTS-B and NE were significant-
ly lower in activity.

Discussion

Although some patients in the sub-group of ductal adenocar-
cinoma (DAC) were characterized by high cathepsin D activities
in serum, no statistically significant differences between both
pancreatic cancer groups (all pancreatic cancers and DAC) and
their respective control groups have been detected. This is
surprising, because gene expression analysis predicted signifi-
cant over-expression of cathepsin D in pancreatic tumor tissue.
This may be an indication that for cathepsin D, there is no good
correlation between activity in tumor tissue and in blood.
Another reason for the observed discrepancy may be that all
proteases are translated as zymogens (inactive enzymes). They
require enzymatic activation, usually by another protease, thus
forming a network.17 Therefore, cathepsin D, as well as some of
the other proteases, which do not fit the predicted pattern, may be
synthesized in high concentration, but not activated.17,40,41



Figure 7. Bar graphs (showing means and standard deviations) and Box plots (indicating the observed data range) for arginase and UPA, MMP-1, -3, -9, CTS-B,
-E, and NE; Group sizes: patients with pancreatitis: n = 4, healthy control group: n = 10; all samples were obtained from the Biospecimen Repository Facility of
the University of Kansas Cancer Center.30

Figure 6. Bar graphs (showing means and standard deviations) and Box plots (indicating the observed data range) for arginase and UpA, MMP-1, -3, -9, CTS-B,
-E, and NE; Group sizes: patients with pancreatitis: n = 4, pancreatic cancer patients: n = 10; all samples were obtained from the Biospecimen Repository
Facility of the University of Kansas Cancer Center.30
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Arginase activity was higher in patients with pancreatic
cancer and the sub-group of patients with ductal adenocarci-
nomas (DAC) when compared with the control group. However,
the observed variations are much higher in both groups of
pancreatic cancer patients than in the apparently healthy control
groups. Cathepsin B expression was lower in both investigated
pancreatic cancer groups (all pancreatic cancers and DAC). Gene
expression analysis predicted upregulation of cathepsin B
expression, which was not observed in this study. Genetic
expression analysis also predicted that cathepsin E will be an
excellent marker for pancreatic cancers and over-expressed in
tumor tissue. However, in both pancreatic cancer groups (all
pancreatic cancers and DAC) cathepsin E activity was
significantly lower than in the respective control groups.
Therefore, cathepsin E is a valuable member of the panel of
proteases designed for early diagnosis of pancreatic cancer, but
does not show the predicted upregulation. Gene expression
analysis correctly predicted the upregulation of urokinase
plasminogen activator (UpA). UpA's activity is enhanced in
both pancreatic cancer groups (all pancreatic cancers and DAC),
compared to their respective control groups. However, there is a
considerable variability of UpA activity. Since UpA has
numerous functions within the human body,17 it is not surprising
that its expression pattern varies, to a degree, between different
human subjects. However, UpA may play a more important role
with regard to early pancreatic cancer detection when data
obtained from larger patient groups will become available.

Gene expression analysis also predicted overexpression of
MMP-1 in pancreatic tissue. In this case, we were able to find
enhanced MMP-1 activity in virtually all serum samples from
pancreatic cancer patients. For the group of ductal adenocarci-
nomas MMP-1 is a proximal biomarker. In agreement with gene



Table 3
Significance table of pancreatic cancers and pancreatitis vs. control groups. PAN: all Pancreatic Tumors,
DAC: Pancreatic Ductal Adenocarcinoma, PCT: Pancreatitis, H: Healthy Control Group.

ARG CTS B CTS D CTS E MMP-1 MMP-3 MMP-9 uPA NE

PAN 0.00112 0.00035 0.2785 0.0296 0.00179 0.00669 0.0670 1.1E-05 0.07084

DAC 0.07194 0.1624 0.3742 0.3408 0.28476 0.01381 0.1148 0.02463 0.47909

PCT vs.
PAN

0.151349 1.4E-07 0.5019 0.73566 0.86827 0.01436 3.56E-05 0.03662

PCT vs.
H

0.01847 1.2E-08 0.3216 0.06316 0.00776 0.01437 0.19038 0.00465
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expression analysis, MMP-3 activities are enhanced in both
groups of pancreatic cancer patients (all pancreatic cancers and
DAC). MMP-9 activity was enhanced in both pancreatic cancer
groups as well, which is in agreement with the prediction from
gene expression analysis. However, MMP-9 activities detected
in the serum of cancer patients and healthy volunteers were not
statistically significant. They were found to be significantly
higher in pancreatitis (P = 0.01437), which was anticipated,
because MMP-9 is an established inflammation marker of the
pancreas.42 Genetic expression analysis predicted a decreased
activity of neutrophil elastase (NE) in tumor tissue. Interestingly
and quite contrary to this prediction, NE activity was higher in
both pancreatic cancer groups, compared to their respective
control groups. Due to the large variations found in both, patient
and control groups, statistically significant differences were not
discerned. Without further experimental data, it won't be possible
to satisfactorily explain the observed discrepancy between gene
expression analysis and protease activity measurements.

The results of all protease/arginase activity measurements are
summarized in Table 3, which contains the calculated P values
for each comparison between the pancreatic cancer (sub-)groups
and their age- and gender-matched control groups, as well as for
the comparison patients with pancreatitis and pancreatic cancer,
and of patients with pancreatitis and their healthy control group.
All pairings of pancreatic cancer (sub-)groups and enzymes, for
which a significant difference in activity is found (P b 0.05), and
the enzymatic activity is higher in pancreatic cancer, are shown
in green. All pairings of pancreatic cancer (sub-)groups and
enzymes, for which a significant difference in activity is found
(P b 0.05), and the enzymatic activity is lower in pancreatic
cancer, are shown in yellow. All pairings for which significant
differences were not calculated, are shown in red. They may
become significant when more human subjects become
available.

In Table 3 the P values23 obtained for comparisons of the
protease/arginase expression pattern in each cancer sub-group
with those of the healthy control group are tabulated. The color
green denotes measured fluorescence signals that are different
from the control group with high significance with an average
that is higher than of the control group. (P b 0.05). The color
yellow denotes measured fluorescence signals that are different
from the control group with high significance with an average
that is lower than of the control group. (P b 0.05). Red denotes
all cases where there no statistically significant difference
between the cancer (sub)group and the control group were
found. Group sizes are: apparently healthy volunteers: n = 48,
all pancreatic cancers (PAN): n = 35. pancreatic ductal adeno-
carcinoma (DAC): n = 9, pancreatitis (PCT): n = 4. All samples
were obtained from the Biospecimen Repository Facility of the
University of Kansas Cancer Center.30 ARG: arginase, CTS:
cathepsin, MMP: matrix metalloproteinase, uPA: urokinase
plasminogen activator, NE: neutrophil elastase.

It is noteworthy that there are more than 300,000 admissions
in the US per year because of acute pancreatitis, resulting in
yearly treatment costs of about 2 billion US dollars.43 Common
reasons for developing pancreatitis are complications from
having gallbladder stones, high triglyceride and calcium blood
levels, heavy alcohol consumption, as well as side-effects from
taking medication. The mortality rate for acute pancreatitis is
about 10 percent. Recurrence is quite frequent (16.5% to 25%)
within the first five years.43 The protease signature that was
discovered in this study may also help in detecting early
recurrence of pancreatitis. Chronic pancreatitis, a long-term
inflammation of the pancreas, is much harder to diagnose than
acute pancreatitis, due to the absence of specific symptoms and
the fact that the pancreas is a rather inaccessible organ.44 Chronic
pancreatitis, which is prevalent in smokers, patients with
increased alcohol consumption and also caused by a gene
mutation, is linked with an increased risk of pancreatic cancer.43

Therefore, patients who have been diagnosed with chronic
pancreatitis should be routinely checked for pancreatic cancer. It
is our prediction that the liquid biopsy developed here will be
suitable to perform this test during routine check-ups.
Conclusions

All pancreatic cancer patients vs. all volunteers

Owing to the robust group sizes of human subjects, (pancreatic
cancer patients: n = 35, healthy volunteers: n = 48), arginase,
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cathepsins B and E, MMP-1 and -3, and urokinase plasminogen
activator were established as suitable biomarkers for pancreatic
cancer in serum. In the clinical practice, this means that this panel
of enzymes will be able to detect whether a patient potentially has
pancreatic cancer by means of a liquid biopsy. Further methods of
clinical diagnostics, for instance a CT scan or high-field MRI will
then follow to ascertain the patient's clinical condition.

Pancreatic ductal adenocarcinoma

Pancreatic ductal adenocarcinomas comprise more than 90
percent of all pancreatic cancers.45 They also possess the lowest
survival rate.45 Therefore, detecting them early by means of a
simple and affordable liquid biopsy is most desirable. This study
has identified two enzymes: MMP-3 and UPA that could detect
DAC with high significance even in a relatively small group of
human subjects (DAC: n = 9, control group: n = 9). Arginase,
cathepsin-B and -E, and MMP-1 are promising candidates for a
panel of enzymes that could be used for pancreatic ductal
adenocarcinoma detection. A larger confirmatory study is
planned for the near future.

Pancreatitis has a different protease signature than both
pancreatic cancer patients and healthy patients. Therefore, it can
be detected by means of a liquid biopsy and clearly distinguished
from pancreatic cancer. Recurrent pancreatitis could be detected
as well by performing a serum test.

These findings are potential game-changers in pancreatic
cancer detection.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2018.04.020.
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